We analyze the strain state of GaN nanowire ensembles by x-ray diffraction. The nanowires are grown by molecular beam epitaxy on a Si(111) substrate in a self-organized manner. On a macroscopic scale, the nanowires are found to be free of strain. However, coalescence of the nanowires results in micro-strain with a magnitude from ±(0.015)% to ±(0.03)%. This microstrain contributes to the linewidth observed in low-temperature photoluminescence spectra.
I. INTRODUCTION
Epitaxially grown semiconductor nanowires (NWs) have attracted large interest in recent years as means to fabricate nano-sized devices. They have been grown using various techniques like e.g. molecular beam epitaxy (MBE) and metal organic chemical vapor phase epitaxy. Often metal catalyst particles are used to initiate the growth. More recently, catalyst-free processes have been developed. The NWs promise to assist in overcoming many of the limitations of heteroepitaxy. Dislocations formed at the NW/substrate interface do not propagate along the NW axis, but remain at the interface or bend toward the free NW sidewalls. [1, 2] Residual strain is released elastically due to the extreme aspect ratio of typical semiconductor NWs. [3, 4] As a specific example, GaN NWs on Si are virtually free of extended defects despite the very large lattice and thermal mismatch between these materials. [5] Furthermore, the spectral position of the donor-bound exciton [(D 0 ,X A )] transition in photoluminescence (PL) spectra of GaN NW ensembles is exactly the same as the one observed in strain free, bulk GaN. [6] In apparent contradiction, the linewidth of this transition exceeds values of 1 meV and is thus significantly above the value expected for material free of strain. [6] [7] [8] Recently, this minimum broadening invariably observed in the PL of GaN NW ensembles has been proposed to arise from the random position of donor sites and the corresponding energy distribution of excitons bound to these donors. [6, 9] However, this intrinsic broadening mechanism cannot account for the fact that the linewidth observed for different samples may vary significantly, and may also approach values in excess of the energy separation of the donor-bound exciton transition in the bulk and close to the surface.
Here, we investigate the morphological and structural properties of two GaN NW ensembles on Si(111) exhibiting a PL linewidth differing by more than a factor of two. Using x-ray diffraction (XRD), we determine the orientation distribution of the NW ensembles as well as their strain state. Position and shape of the x-ray diffraction peaks contain information about the strains and sizes as well as the orientation distribution of the NW ensemble.
Both samples are found to be entirely relaxed on a macroscopic scale, but to possess a non-negligible micro-strain.
II. EXPERIMENT
GaN NWs are grown on Si(111) substrates by plasma-assisted MBE. Atomic N and Ga atoms are supplied by a plasma source operating at 500 W and an N 2 flux of 2 sccm. Prior to NW growth, the Si substrate is exposed for 5 min to an atomic N flux for nitridation, which results in the formation of a 5 nm thick Si x N y film. For sample 1 (2), GaN NWs were subsequently grown for 3 h at a substrate temperature of 780 (820) transition for sample 1 and not a broader one as observed experimentally. Consequently, the additional broadening observed for this sample has a different origin. As hypothesized in the following, a highly probable source of this broadening is microstrain caused by coalescence. The two samples under investigation were fabricated at different substrate temperatures, which is known to affect both the nucleation density and the lateral growth rate. Lower temperatures as used for sample 1 result in a higher nucleation density as well as a more pronounced tendency towards lateral growth during nucleation, thus resulting in larger nuclei. This scenario will inevitably lead to an enhanced coalescence in an early stage of NW growth, and significantly larger diameters of the final NWs as indeed observed in Fig. 1 . The misorientation of the NWs with respect to each other, as well as the dislocations accommodating this misorientation at the tilt or twist boundary, [14] will introduce an inhomogeneous elastic distortion of the coalesced aggregate. Simultaneously, the strain introduced at the coalescence junction is more difficult to relax in the thicker NWs of sample 1.
[4] All these arguments would point towards a larger contribution of inhomogeneous strain to the PL linewidth of sample 1, as also observed experimentally. In the following, we examine this hypothesis using high-resolution XRD.
The out-of-plane orientation distribution of the NWs is determined from ω scans near the GaN 00.4 reflection at several azimuthal orientations. The tilt of (2.3±0. performed using different reflections in skew geometry (sample 1) at different tilt angles χ (see [15] for a sketch of the skew geometry) including in-plane scans for determination of the range of twist of the NWs. The full line shows the FWHMs extrapolated by:
where W h,k,l (χ) is the FWHM of a peak in the ϕ-scan for a reflection h, k, l with a given tilt angle χ , and W 90 is the FWHM of a peak in an in-plane scan revealing the true range of twist of the NWs. Often a ϕ-scan can be measured in skew geometry more easily than in an in-plane geometry, then W h,k,l (χ) is measured and W 90 can be obtained from Eq. (1).
The in-plane orientation distribution of the NWs as obtained from ϕ scans of the GaN
• ] for sample 1 [2] , and is again characteristic for GaN NWs on Si(111). For both samples, coalescence boundaries will be the source of significant strain due to the broad orientation distribution of the NWs. This is illustrated Dislocations are formed at the border similar to a small angle grain boundary and the netplanes are curved locally due to the strain field of the defects. Fig. 7 shows as another example a high-resolution TEM micrograph of an isolated crystal defect in a GaN NW (sample 1). This defect is probably caused by a stacking fault bounded by a dislocation.
To determine the macroscopic strain state of the NWs, we first measured the lattice parameter of our Si substrates by triple-crystal diffractometry [11, 16] . Using an analyzer crystal in front of the detector, the angular positions of the incident and the diffracted beams are determined precisely in order to obtain the Bragg angle. The necessary calculations for the substrate are performed in dynamical approximation [17] . We thus obtained a value , these values agree with those reported in Refs. 16 and 18 for strain-free and pure GaN. This means, that our GaN NWs are indeed free of strain on average.
The reciprocal space map shown in Fig. 8 for sample 1 confirms the fully relaxed state of the GaN NWs, because the diffraction vector − → h is pointing in radial direction from the GaN 10.5 peak towards the origin of reciprocal space. The mosaic spread of the GaN NWs can be calculated from the width of the GaN peak perpendicular to the radial direction. The lateral correlation length is calculated from the reciprocal of the FWHM of the GaN 10.5
peak measured parallel to the interface, i.e., along Q x . Here, rlu = λ/2d is the reciprocal lattice unit, where d is the corresponding lattice plane distance. From the shape and the orientation of the GaN peak shown in Fig. 8 , we obtain a mosaic spread of (1.9 ± 0.2)
close to the FWHM of the ω scans) and a lateral correlation length of 76 nm (close to the actual lateral size of the NWs, see Fig. 1 ).
The widths of ω/2Θ scans across the GaN 00.n reflections with n= 2, 4, 6 increase linearly with the reflection order n, which is the result expected for broadening governed by microstrain. The line shapes are nearly Lorentzian, so that we obtain the breadth β f of the physically broadened profile β f = β h − β g where β g is the breadth of the apparatus function and β h that of the measured curve [19] . Small asymmetries of the peaks are neglected here.
We assume that each GaN NW is a coherently diffracting domain separated by air or a small-angle grain boundary in case of coalescence. These domains are tilted with respect to the interface and twisted around the surface normal by different angles reflected by broad peaks in the ω and ϕ scans. The ω/2Θ scans, instead, are broadened due to the finite size of the NWs and due to the inhomogeneous deformations inside the NWs. The integral breadth of the physically broadened line profile is β f (2Θ) = A/I 0 , where A is the integral intensity and I 0 the peak intensity of the corresponding maximum. We assume that this breadth β f of our sample consists of size and strain components β S and β D . The size component β S does not depend on the diffraction angle. The strain component β D grows linearly with the order of reflection [19] . We apply the reciprocal lattice notation: in the determination of the micro-strain. The inhomogeneous micro-strain is caused by residual defects in the GaN NWs like dislocations or even small angle boundaries arising after coalescence of the NWs. [14] The important result obtained here is the fact that the micro-strain for sample 1 is V. ACKNOWLEDGEMENT
